commissioned this study to examine the feasibility of using the plasma reduction process for converting depleted uranium hexafluoride m 6 ) to uranium metal ingots. The preconceptual design of the facility for conversion of UF, to uranium metal was sized to convert an inventory of 4000,000 metric tons over 20 years. After the completion of this study, a better estimate of the DOE U F 6 inventory was developed and found to be nearer 575,000 metric tons. It is estimated that the additional inventory can be processed with a minimal increase in equipment, consumeables, and manpower. Thus, the unit costs determined in this study for processing the 400,000 metric ton inventory should be a bounding estimate if the entire inventory were to be processed in the same time period. This study is part of a larger effort to address possible uses for depleted uranium and examines options to reduce the cost of use.
DOE produced the depleted U F 6 in the uranium enrichment process, and has stored it in cadsters for up to 50 years at three locations in the U.S. The depleted U F 6 contains 0.2% 235U and uranium decay products, including radon.
. I Background
DOE is studying alternative management options for recycling the large quantity of UF, produced from the uranium enrichment process. The depleted uranium plasma reduction system (DUPRS) could potentially process the stored U F 6 and produce uranium metal and hydrogen fluoride (HF). HF is used commercially and uranium metal has potential commercial applications.
This plasma-based process appears to have an economic and environmental advantage over present technology used for U F 6 to uranium metal production. The process has successfully been demonstrated in bench-scale tests at the Idaho National Engineering Laboratory (INEL) during FY 1994. This report documents the results of a preconceptual design study that was performed to estimate the production costs of a facility that used the DUPRS to produce uranium metal. This report also contains a preconceptual design of the DUPRS based on the flow diagram in Figure 1 and a brief technical evaluation of the system.
Technical Approach
The DUPRS, illustrated in Figure 1 , was divided into 15 unit operations, as follows. 
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14. Costs identified with the 15 unit operations were summarized, and total costs were developed using a bottoms-up estimating approach. The estimate uses costs fiom existing DOE projects, vendor quotes, and engineering experience to develop costs for equipment, structures, utilities, materials, maintenance, and labor for each unit operation. This information generates the following: Rough order of magnitude @OM) life-cycle costs (20 years of operation).
15.
Gas
Study Team
The overall project was initiated and directed by Carl Cooley of DOE, EM-50. A team of employees from the INEL and from the Engineering, Construction & Environmental Group of Morrison Knudsen Corporation (h4K) performed the engineering and analysis for the plasma reduction process.
Key Assumptions
The design was prepared with the following assumptions:
1.
2.
3.
4.
5.
.
7.
8.
The process flowsheet, materiavenergy balances, and plasma torch power requirements are based on the schematic flowsheet shown in Figure 1 .
The proposed facility will process a total of 400,000 metric tons of UF, over a 20-year periad, at a rate of 4 t per hour for 5,000 hours per year.
The facility will produce uranium metal as ingots and the by-product anhydrous HF.
The impurities in the system are bled off through the uranium metal and anhydrous HF streams. This does not affect product marketability.
The facility will be at or adjacent to the existing UF, storage areas to eliminate the need for offsite UF, transport.
The facility will include warehouse capacity to store 50% of'the annual production of uranium ingots each year.
The u5U content of the depleted u F 6 is 0.2%. The U F 6 cylinders have been in storage for 50 years.
Radon discharge of 1 Ci/h is assumed.
SYSTEM DESCRIPTION
The DUPRS will convert u F 6 to uranium metal ingots and produce anhydrous HF as a by-product. The system consists of all structures, buildings, and equipment needed to process the UF,. All equipment identified in the system design is commercially available except for the plasma reactor.
A process functional diagram of the DUPRS is shown $ Figure 2 . A conceptual facility layout and a perspective view of the facility are shown in Figures 3 and 4 , respectively. Unit operations are described below.
Storage & Receiving
u F 6 is contained in sealed canisters at, or adjacent to, the existing production facility. Individual canisters will be moved from the inactive storage area to an enclosed staging area served by an overhead bridge crane. The canisters will be placed into indirectly heated overpacks with sealed enclosures. The cylinders will be heated to increase the temperature of the U F 6 to an estimated 140'F to convert solid u F 6 to u F 6 gas. The gas will be transferred by a vacuum pump and injected into the plasma torch reactor. The empty cylinders will be removed by the crane and taken to a storage area.
Plasma Reactor
The u F 6 will be injected into the four parallel plasma torch reactors, each processing 1 metric ton. The plasma torch reactors consist of a plasma torch and a reactor section. Argon gas is introduced to the plasma torch, which produces a high temperature (more than 10,000 K) plasma. A mixture of u F 6 and H, is introduced in the reactor section, downstream of the plasma torch. The reaction uF6 + 3 H2 --> U + 6 HF proceeds in the reactor section. Because the net change in the number of moles is positive, the addition of inert gases in the reactor increases the yield by decreasing the partial pressure of products. The gas mixture exits the reactor zone and is quenched to prevent the recombination of uranium and fluorine. The plasma torch and reactor sections will be cooled with water, which is recirculated through a cooling tower.
MetaVGas Cooling and Separation
The mixture of gases and submicron uranium metal powder will exit the reactor and diffuser section at an estimated temperature of 1 jOOO°F and an estimated pressure of 10 psia. The product stream will be cooled to 250'F using indirect water/gas coolers combined with static solids separation in the bottom of the coolers. Final polishing of the gas stream for the removal of uranium metal will be accomplished by electrostatic precipitation. The metaugas separation will remove more than 99.5% of the uranium metal. The design of the conventional precipitator will be modified by a conical bottom containing an air lock, live bottom bin, and screw feeders for positive uranium metal feed to the conveying system. The gas inlet to. the precipitator will be through an inlet nozzle located on the side above the conical bottom. Gas discharge will be from the top. 
Gas Separation
After the solid uranium has been separated fiom the gas mixture, the by-product HF must be separated and removed fiom the system, and the remaining ArH2 gas mixture must be separated and recycled to the plasma torch and reactor, respectively. Cryogenic condensation using liquid nitrogen will be used to separate the HF, which will be stored in tanks as a liquid. It is thought that the HF will eventually be offered for sale to industrial users. The A r 4 gas mixture will be separated using membrane technology. 
Uranium Metal Melting
The submicron-sized uranium metal powder separated fiom the gas stream will be melted in a plasma torch furnace under a helium gas atmosphere. Three melters will be required, all oriented in the upright position.
Uranium Metal Cutting and Storage
The melted uranium will be cast into a cooled mold. Three molds will be used to provide continuous processing rate. The ingots will be automatically cut to the required size and stored. The warehouse will be sized to store 50% of the annual production of ingots.
Water Cooling System
The plasma torch, reactor, and diffuser sections will be cooled by water circulating through a closed-loop cooling tower system. The system will be equipped with induced draft cooling tower fans and supported by a filtration and water treatment system. Approximately 1.5% of the circulation flow will be removed as blowdown, treated through a reverse osmosis unit, and returned to the cooling system. An additional 2.5% of the circulation flow will be makeup water required as a result of evaporation and reverse osmosis losses. An emergency gravity flow cooling system will back up the main system and will consist of an elevated 250,000 gal tank connected to the central system.
Hydrogen Gas Supply
The facility for the production of the gaseous hydrogen will be designed, installed, owned, operated, and maintained by an independent contractor. The cost of the facility will be covered by the price paid for the gas.
The hydrogen gas production facility will consist of a single train steam-methane reformer, a shift unit, and hydrogen purification unit. The steam-methane reformer generates carbon monoxide and hydrogen, the shift unit increases the hydrogen conversion by converting carbon monoxide and steam to carbon dioxide and hydrogen. The hydrogen purification unit will yield high-purity hydrogen by removing carbon oxides and methane in a pressure swing adsorption unit. The facility will be capable of producing 42,000 standard cubic feet (SCF) per hour of gaseous hydrogen. A by-product steam supply will also be available for export.
Electrical & Motor Control Center
Electrical power will be provided to the facility via two independent 138 kV transmission lines, each of which will be capable of supplying the required 100-MW load. The transmission lines will terminate at the facility's main substation. The 138 kV utility primary power voltage will be converted to 13.8 kV secondary voltage for distribution throughout the site by two 50 MV-A transformer banks. One transformer bank will supply the alternating current (AC) loads and the other the direct current @C j loads. The main substation will consist of outdoor structures, insulators, busbars, power circuit breakers, isolator switches, resistors, and outdoor type switchgear and protective relays.
Underground feeders will carry the 13.8 kV secondary voltage to substations located near the loads being served. AC substations capable of converting the 13.8 kV secondary voltage to 4.16 kV and 480 V will be provided for the main processing area, the water cooling system area, the liquid hydrogen plant, and the maintenance/office complex. Substations capable of converting the 13.8 kV secondary voltage to 5 kV DC will be provided for the plasma torches and the smelters, and equipment capable of converting 480 V to 50 kV DC will be provided for the electrostatic precipitators (ESP).
The AC substations will consist of outdoor disconnect switches, distribution transformers, grounding resistors, and outdoor type switchgear. The DC substations will consist of outdoor disconnect switches, transformer/rectifier sets, power factor and harmonic filter cabinets, and rectifier cooling systems. 
2-1 0 Radiation Monitoring
Redundant environmental monitoring will be required to analyze work areas and the environment for radon, HF, hydrogen, argon, and suspended particulates.
-
I Utilities and Mechanical
Utilities and mechanical systems include service water, closed-circuit cooling tower water, compressed air, service instrument air, and auxiliary systems.
2 Administration and Central Control
Facilities will be orovided for onsite administrative personnel. See Table 1 for a breakdown of required personnel. Space will also be provided to house the central control room.
HVAC
All enclosed areas will have ventilation systems designed to standards for radon control. W A C costs have been included in the building costs. 
Civil Construction Work
The DUPRS plant will be surrounded by an 8-R high chain-link fence. In addition, yard piping, sanitary sewers, and stormwater sewers will be provided. The plant will have a network of paved roadways for maintenance vehicles to access key pieces of equipment.
5 Maintenance
An enclosed building will be provided for maintenance personnel. It will be sized to accommodate the equipment requiring routine maintenance. 
MASS FLOW RATES
This section contains a summary of the mass flow rates of the major input and output of the DUPRS. Detailed information on mass flow rates is presented in the process functional diagram in Figure 2 .
Flow Rates
For the purpose of this study, the feed rates are calculated based on the assumption that the facility will operate for 20 years and process 4 metric tons of UF, per hour (see Table 2 ). A total of 400,000 metric tons will be processed (see Figure 5) . 
Reusable -Product
The hydrogen production facility will generate a by-product steam supply that will be available for export. The uranium metal and the HF will be sold for reuse. 
System Waste
The air treatment facilities for the DUPRS will generate secondary waste. The nature and quantity of thesesecondary wastes have not been determined. NO, will be discharged to the atmosphere or treated and released as nitrogen. Cooling water will be a closed system and will not be discharged, except that portion which will be discharged from the reverse osmosis unit. The uranium metal and the HF will be sold for reuse.
Other secondary waste will consist of housekeeping trash, disposable garments, equipment maintenance waste, spent baghouse, ventilation and high-efficiency particulate air filter elements, accumulations in equipment drains and floor drains, machinery oil, and decontamination waste.
Key Assumptions for Mass Flow Calculations
The key assumptions for the mass flow calculations are:
0
The uranium contains 0.2% 235U
The DUPRS will be located near the stored UF,.
LIFE-CYCLE COST ESTIMATE
This section contains a summary of the project life-cycle cost (PLCC) estimate for the DUPRS. The PLCC estimate includes treatment costs for processing U F 6 . The cost of transporting U F 6 to the processing facility has not been included. The facility has been sized to treat 400,000 t of UF, over a 20-year operating life. The total operating time during the facility life cycle is 100,000 hours.
Estimating Methods, Basis, and Assumptions
The following assumptions were used to derive the life-cycle cost estimate:
2.
3.
4.
Generation of hydrogen will be accomplished by a lessee. The lessee will absorb all capital and operating costs and will be included in the cost of the hydrogen supplied.
Building costs include materials to construct pre-engineered buildings, concrete slabs, excavation, backfill, and site work. Where only concrete slabs are to be constructed, their costs, including excavation, backfill, and site work, are included as a building cost in the appropriate unit operation. The building costs also include W A C , crane support structures (where appropriate), and electrical installation.
Pre-engineered buildings will house the following unit operations: Raw material usages and costs will be as shown in Table 3 .
Uranium metal cutting and storage . 
5.
6.
7.
8.
9.
The W A C system will be maintained by maintenance personnel. Maintenance personnel costs are absorbed in the maintenance unit operation.
Administrative personnel are allotted $7,000 for computers, desks, etc.
The allowance for piping/mechanical includes structural supports for platforms, piping, and walkways and minor pump and piping systems.
The allowance for electricakontrols includes all additional instrumentation required to ensure safe operation of the unit operations and their interaction with other unit operations.
The allowance for calibration/testing/startup includes calibrating gauges and instruments to ensure compatibility with the process requirements. The allowance also includes startup costs associated with vendor-supplied equipment and the integration of the equipment into the treatment system.
10. The electrical utility cost is spread proportionally across the unit operations.
11. Makeup water used in the water cooling system unit operation is assumed to cost $17/1,000 SCF.
12. Cutting of the uranium ingots will be performed within an argon atmosphere. Figure 6 shows the steps used in the cost estimating approach.
Cost information in this report was obtained during the second quarter of FY 1994. The information is based on the currently available knowledge about waste processing requirements, technology availability, and cost data. The information may .require updating when additional knowledge is gained in these areas. All facilities except the hydrogen production plant are assumed to be government owned and contractor operated. 
Treatment Facility PLCC Estimate Summaries
The PLCC estimate is divided into six components (see Figure 6) . Each was estimated separately. A summary of the PLCC estimate is presented in Table 4 . Detailed cost breakdown spreadsheets are presented in Appendix A. Discussions of the cost components are presented below.
Studies and BenchScale Tests and Demonstration Tests
Bench-scale studies were undertaken at the INEL to demonstrate the feasibility of the process. These experiments successfully demonstrated that a plasma torch could be used to reduce u F 6 to U and HF. Small quantities of metallic uranium were produced, and the rapid quench of the product stream was also demonstrated. No back-reaction of the products to UF, compounds was detected.
Demonstration and scaling will proceed through three phases: (a) laboratory development, (b) pilot-scale testing, and (c) production-scale testing. Laboratory development will consist of large bench-scale testing, pilot-scale increases throughput to the 100-200 kg/h rate and includes the complete plant. Production-scale addresses issues associated with the scaling of specific pieces of hardware, such as plasma devices or particle collection systems. Total research and development costs are estimated at about 5% of total life-cycle costs.
Laboratory Development
Sufficient experimental data were acquired during successful bench-scale demonstration, and the theoretical understanding of the thermal plasma reduction of UF6 has progressed to the point that a large bench-scale demonstration reactor can be designed. However, the performance of each component must be evaluated. The major attributes of this reactor are an increase in volume-to-surface ratio by a minimum of a factor of 10 and the development of a high-efficiency (>60%) multiple source plasma with co-axial u F 6 injection. Throughput of u F 6 is expected to be on the order of 1 kg/h. Detailed process diagnostics and a detailed material balance will be performed. Component designs will be experimentally evaluated and performance characteristics verified coincident with the development of the pilot-scale reactor design.
4.2.72
Plot Scale. The pilot-scale demonstration increases throughput of u F 6 to the 100-200 kg/h range. At this scale, the performance of all major components can be addressed, and realistic data on plasma device operating lifetimes, system efficiencies, etc., can be evaluated and problem areas can be identified. Pilot scale is an important step for a process that is significantly different from other conventional chemical processes.
Production-Scale Testing.
It is anticipated that the performance of some components, which are identified du pilot-scale testing, will need to be further evaluated and modified. An example may be the scaling of plasma devices and reactors to the multimegawatt level. Additional design, testing, and evaluation will be performed in parallel with the development of the plant design and construction. 
Facility Capital Costs
The third cost component, production facility construction costs (also referred to as facility capital cost or "line-item" cost), consists of five key subcomponents:
4.227 Design. The design subcomponent includes Title 1, or preliminary design, and Title 2, or detailed design. Design is estimated at 25% of facility construction cost for an alpha facility.
4.222 hspection. The inspection subcomponent includes Title 3, or engineering support, during construction. Inspection is estimated at 7% of the facility construction cost.
4.223
Project Management. The project management subcomponents include project management costs incurred by both DOE and the site management and operations contractor. Project management is estimated at 10% of facility construction cost.
4.224
Construction Cost-Facility construction cost estimates are developed from a preconceptual design package. The preconceptual design packages include a process functional diagram with mass flow rates, a facility layout, and a summary of functional and operational requirements. Construction is divided into the following three parts:
4.2.2.4.7
Building and Structures-Building and structure costs are estimated by multiplying building unit costs by the space required by each unit operation. Assumed unit rates are applied to several categories of buildings: $1 SO/@ for the administration and central control building, $225/@ for all other enclosed buildings, and $45/@ for cast-in-place concrete slabs. Building unit rates include all material and labor needed for constructing the building shell, including utilities, lighting, W A C , and site development costs. Site development costs include all excavation and backfill activities and assume that all utilities (power, sanitary and storm sewers, site communication and alarms) and access roads are available within 100 ft from the outer walls of the treatment faciliw. Special steel supports, foundations, and ventilation ducts and hoods required by the process components are not included in the standard building unit rates. These rates include costs for imposing stringent DOE health and safety standards on facility construction.
4.22.4.2
Equipment-Cost estimates for major equipment were obtained by soliciting budgetary costs from suppliers or by making engineering judgments. Cost for equipment installation is estimated to be an additional 20% of the equipment capital cost. Allowances for electrical, instrumentation, and mechanical bulks are estimated as a percentage of the total equipment purchase and installation costs. Details are documented in Appendix A.
hdirect
Costs-Indirect costs include subcontractor overhead and fee. This is estimated at 29% of the total of building, structure, and equipment costs.
Construction Management
The construction management subcomponent is estimated at 17% of construction costs, which is the sum of the equipment, building, and indirect costs. Construction management includes material and services procurement and control activities, which are usually handled by the site construction management contractor.
Allowance for project scope change or management reserve is estimated at 10% of construction costs.
Because the costs are a planning-level estimate, a 25% contingency is included. The contingency is applied to the total of all components in the production facility construction cost.
Preconstruction and Preoperational Activities
The fourth cost component (operations budget-funded activities) includes conceptual design, safety assurance, National Environmental Policy Act (NEPA) compliance efforts and permitting, preparation for operation, and project management costs. Conceptual design is estimated to be 1.5% of the total production facility construction cost; the cost for safety assurance (safety analysis reports) is estimated at 1% of the total production facility construction cost. The costs for an environmental impact statement for NEPA compliance and for the Resource Conservation and Recovery Act, Toxic Substances Control Act, Clean Air Act, and state, local, and other permits are estimated at $6 million. The cost for an environmental assessment is estimated at $1 million. All other subcomponents of the cost of the operations budget-funded activities, including preoperation readiness reviews, facility startup, operator hiring, and training costs, are assumed to be equal to 1 year of total faci1iQ operating costs.
Operating Cost
The fifth cost component (operation and maintenance [O&M] ) consists of five subcomponents: operating labor, utilities, consumable materials, maintenance parts and equipment, and maintenance labor costs. 'The first three subcomponents are estimated by analyzing the requirements of the facility (see Tables 1 and 5 for personnel requirements for administration and operations, respectively). The remaining two subcomponents are estimated as a percentage of the original equipment installed at the facility. Accordingly, the costs for annual maintenance spare parts and replacement equipment are estimated to be 7% of the original equipment purchase cost. Maintenance labor is estimated to cost 250% of the cost of spare' parts and replacement on an annual basis.
Decontamination and Decommissioning
The sixth cost component, decontamination and decommissioning (D&D), is estimated by multiplying a D&D unit rate of $450 per square foot of area cleaned by the square footage of the total facility (Schlueter 1992 
SYSTEM EVALUATION
The goal of evaluating the system'is to qualitatively assess technology risks, including system maturity and development work needed to make the system ready for detailed design. Key issues related to system compliance are identified and discussed.
Below is a listing of issues and uncertainties observed during the preconceptual design.
Plasma quench technology has only been demonstrated at a small bench scale. Considerably more research and development is required to verify process kinetics and scalability.
Bench-scale and pilot-plant testing would be required before any final design could be started. Although all of the equipment identified in this feasibility study except for the plasma reactors is used in industry, it has not been used for this purpose nor in this combination.
The process will contain gaseous hydrogen at high temperature. A leak has the potential to cause an explosion. This risk is comparable to many chemical process industries and must be managed carefully in design.
Fire prevention and protection must be a critical element of the. design, because uranium dust is pyrophoric and there exists a potential for hydrogen gas releases. Therefore, process controls, safety interlocks and detection systems will be necessary components of the process.
Control and treatment of radon will be necessary for worker, public, and environmental protection. HF is extremely toxic and dangerous to handle. Although there are industrial procedures for handling HF, the combination of high-temperature, positive and negative pressures, and ignitable materials make safety designs a crucial part of any process design.
-
The UF, canisters would be returned to their original storage area. No provisions have been made for their decontaminating, decommissioning, or recycling.
CONCLUSION
DOE is currently storing approximately 576,000 metric ton of depleted UF,. Treatment methods must be developed to convert this U F 6 to a stable form. One method being considered is to use a plasma-based process to reduce the UF6 to uranium metal. This process has the potential advantage of recycling all of the feed (as uranium metal and anhydrous HF) instead of merely treating and disposing of the waste.
This investigation has demonstrated the feasibility of using the plasma-based process. Successful results of bench-scale experiments suggest that the process is sufficiently well understood to proceed to laboratory and pilotscale.
A conceptual design of a production-scale facility was developed to provide estimates for the life-cycle costs. The use of certain assumptions was necessary to estimate the life-cycle costs. However, all of the equipment to be used has already been proven industrially, albeit not in this application. The total cost of processing 400,000 t of UF, is estimated to be approximately $1.2 billion, or approximately $3.00 per kg of U F 6 processed. This compares favorably with other proposed treatment methods. 
Cost Tables
